Imprimatins A and B
Novel plant activators targeting salicylic acid metabolism in Arabidopsis thaliana Yoshiteru The phytohormone salicylic acid (SA) is essential for pathogen resistance in plants. 1 In Arabidopsis, the basal level of cellular SA is kept at ~15 μM, while during defense responses, it reaches ~200 μM by quick biosynthesis via the isochorismate pathway. 2, 3 SA is modified by glucosylation, methylation, amino acid conjugation, and sulfonation, and the inactivation of high concentrations of SA is responsible for glucosylation. 3 Exogenously applied SA also stimulates defense responses and confers disease resistance in plants. 1 Therefore, benzothiadiazole (BTH, Actigard ® ), a synthetic analog of SA, is used as a crop protection chemical for cole crops, leafy vegetables, tomatoes, and tobacco. 4, 5 Probenazole (Oryzemate ® ), tiadinil (V-get ® ), and isotianil (Routine ® or Stout ® ) are also used as practical crop protectants in wet rice cultivation to control blast fungus. 6 However, probenazole and tiadinil do not work as SA analogs, and their precise modes of actions remain unclear. 7, 8 Crop protectants that enhance disease resistance by activating plant immunity are called plant activators, and their durable effects have been proven empirically since no resistant pathogens have evolved in response to them. The introduction of plant activators can reduce pesticide use and thus lead to environmentally friendly farming. To obtain novel plant activators applicable to various types of crops, many plant immune-activating compounds have been discovered from natural and synthetic compounds thus far. [9] [10] [11] We established a high-throughput chemical screening procedure for plant Our results demonstrate that manipulation of the active free SA pool via SA-inactivating enzymes can be a useful strategy for fortifying plant disease resistance. We revealed the precise mode of action of Imprimatins; therefore, SAGTs can serve as a molecular target to discover novel plant activators. These SAGTs have high Km values (170 and 280 μM) for SA, and these characteristics allow them to function mainly after pathogen infection (temporally) or in a specific area where high SA is accumulated (spatially). 3, 13 For the inhibition of SAGTs, Imprimatins compete with SA. Based on this nature, micromolar order concentrations of Imprimatins are required to block SAGTs. This chemical property would provide target specificity; however, more effective and specific SAGT inhibitors would be desired for practical applications. As a target-based drug discovery approach, screening of other types of SAGT inhibitors such as uncompetitive inhibitors or non-competitive inhibitors are now underway at our laboratory.
These results led us to speculate that Imprimatins target SA glucosylation, and faster and greater accumulation of active free SA causes the immume-priming effects (Fig. 1) . According to our hypothesis, enzymatic activities of UGT74F1, a known SA glucosyltransferase (SAGT), and UGT76B1, a previously unknown SAGT, were effectively inhibited by the Imprimatins, unlike the commercial plant activators such as probenazole and tiadinil. This mode of action of the Imprimatins was also supported by the fact that Arabidopsis ugt74f1 and ugt76b1 mutants and ugt74f1/ugt76b1 double mutants exhibited both increased disease resistance and cellular profiles of SA and SAG similar to those of wild-type plants after treatment with Imprimatins.
We also isolated Imprimatins B3 and B4 as plant immune-priming compounds with the same molecular skeleton motif as members of the Imprimatin B group (Fig. 1) . 13 These Imprimatins potentiated the pathogen-induced cell death of Arabidopsis suspension cells and conferred disease resistance to whole Arabidopsis plants. However, they had weaker inhibitory effects on the SAGTs in vitro compared with the other compounds. From these results, we hypothesized that Imprimatins B3 and B4 might be converted to molecules that are more active after being metabolized inside plants after uptake.
immune-priming compounds using Arabidopsis suspension cultured cells and the bacterial pathogen Pseudomonas syringae pv tomato DC3000 avrRpm1 (Pst-avrRpm1). 12 The prominent feature of our system is that it can identify compounds that potentiate but do not induce immune responses. Constitutive induction of defense responses by immuneinducing compounds often causes growth suppression; however, immune-priming compounds circumvent such negative side effects. From the screening of a library of 10,000 diverse small organic molecules and the subsequent derivative analyses of the candidate chemicals, we isolated five active compounds, which we designated as immune priming chemicals (Imprimatins). 12 They were classified into two groups, namely, Imprimatins A and Imprimatins B. Their molecular structural backbones can be seen in Figure 1 . Imprimatins A1, A2, A3, B1, and B2 upregulated Pst-avrRpm1-induced cell death in a concentration-dependent manner. The Imprimatins could induce disease resistance in whole Arabidopsis plants against not only the avirulent strain of the bacterium used in the first screening but also the virulent strain when they were applied to the roots. During pathogen infection in these Imprimatintreated plants, high levels of free SA-but relatively much less SA-2-O-β-d-glucoside (SAG) levels-were detected. 
